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C oral reefs throughout the world are in decline. Increased incidence of coral disease, decreases in reefbuilding corals, increases in macroalgae, and lack of recovery on damaged reefs have been widely reported. The causes and processes driving the declines remain elusive. In the past 25 years, mass mortalities of a major reef-building coral (90% to 95% of Acropora palmata) and of a key herbivore (97% of Diadema antillarum) have significantly altered coral reefs in the Caribbean region. Microbial pathogens are suspected in both mortality events. Twenty years later, the abundance of both species remains low. Eleven years after a cruise ship anchor severely damaged a coral reef in the Virgin Islands, macroalgae dominate the damaged area, and stony coral abundance remains low.
Although natural disturbances and human activities are known to have caused much of the damage occurring on coral reefs, they do not explain why increasing numbers of reefs are not recovering from damage but are remaining in alternate states that appear to be stable. Nor do they adequately explain the apparent increases in disease incidence and mortality from disease or the widespread geographical distribution of coral diseases on reefs remote from as well as near to human influence. For example, sea fan disease, caused by a soilassociated fungus (Smith et al. 1996) , occurs throughout the Caribbean region, including reefs off remote carbonate islands devoid of soil. Many hypotheses have been proposed, but they do not adequately explain the declines observed on reefs worldwide (e.g., global warming, pathogen introduction via ballast water or oceanic currents, chronic low levels of nutrients, long-term intense fishing pressure, and multiple low-level stressors). Here we put forward a hypothesis that addresses the widespread distribution of coral diseases and lack of recovery on coral reefs. We will (a) present an overview of the atmospheric transport of African and Asian dust; (b) review relevant background information and current research on airborne microorganisms, coral diseases, and atmospheric transport of chemical contaminants; and (c) suggest causal mechanisms and strategic avenues of investigation.
The hypothesis
We propose that the hundreds of millions of tons of dust transported annually from Africa and Asia to the Americas may be a significant factor in coral reef decline and may be adversely affecting other downstream ecosystems as well . Why would these changes occur now, after millennia of African and Asian dust transport? We suggest that the quantities of dust transported have increased and that the composition of the dust has changed. Synthetic organic chemicals and anthropogenic pollutants, viable microorganisms, macroand micronutrients, and trace metals are likely to be carried in the dust air masses and deposited in the oceans and on land. Singly or in combination, they may play important roles in the complex changes occurring on coral reefs worldwide.
Atmospheric transport of dust
As Charles Darwin traveled across the tropical North Atlantic, dust from Africa reduced visibility and coated the HMS Beagle (Darwin 1846) . More than 100 years later, Delaney and colleagues (1967) and Prospero (1968) were the first to measure soil dust particles in the tropical North Atlantic atmosphere and to hypothesize that the trade winds transport dust from the Sahara to Barbados. Confirmation of the hypothesis came from satellite imagery (figure 1) and from measurements of dust flux over Caribbean islands, the Bahamas, Miami (Florida) (e.g., Prospero 1968) , and several national parks in southeastern North America (Perry et al. 1997) . Since the late 1960s, geologists and atmospheric chemists and physicists have studied the mineralogy, elemental composition, geologic processes, transport, deposition, optical properties, atmospheric chemistry, and particle size distribution of globally transported dust and the linkages between dust and global climate.
Hundreds of millions of tons of dust derived from mineral soil are transported annually from the African Sahara and Sahel to the Mediterranean and Europe, and across the tropical Atlantic to the Americas (figure 2; Moulin et al. 1997) . A similar global system transports dust from the Gobi and Takla Makan deserts (western China) across Korea, Japan, and the northern Pacific (Duce et al. 1980 , Husar et al. 2001 to the Hawaiian Islands (figure 2).The Asian air masses periodically reach western North America and infrequently continue eastward to the Atlantic Ocean.
The primary source of African dust is thought to shift from the Bilma-Faya Largeau area of Lake Chad (October to April) to the southern Sahel, such as the Niger Delta in Mali (May to September; McTainsh et al. 1997 ). The annual variation in exported dust mass correlates with the North Atlantic Oscillation (NAO), which affects precipitation over North Africa and atmospheric circulation in the Northern Hemisphere (Moulin et al. 1997) and is coupled with the Arctic and Pacific Oscillations of the Northern Hemisphere and with the El Niño Southern Oscillation (ENSO). Flux of dust is greater during positive phases of NAO. The NAO Index and average annual surface concentration of African dust at Barbados have gradually increased since the 1960s (Prospero and Nees 1986) , with both showing maxima during the strong ENSO of 1983 -1984 (Moulin et al. 1997 . The mass of dust transported may be an indicator of desertification of the Sahel (e.g., Prospero and Nees 1977, Swap et al. 1996) and may be linked with both changing land-use practices and a drier climate (e.g., Tegen et al. 1996) . Climate is thought to be the major forcing factor in dust transport (Prospero and Nees 1986, Moulin et al. 1997) . Since the early 1970s, the frequency of intense convective disturbances and associated rainfall in the Sahara has decreased, while the number of weaker disturbances that mobilize large quantities of dust has increased. Rosenfeld and colleagues (2001) describe a feedback loop wherein high concentrations of small dust particles suppress precipitation over the desert. The combination of (a) more frequent weak disturbances mobilizing large quantities of dust and (b) scant rainfall scavenging dust from the atmosphere results in greater quantities of dust available for atmospheric transport.
Extending thousands of kilometers (km) downwind and lasting up to 10 days per event (Perry et al. 1997) , maximum dust transport to the Americas centers in winter at approximately 5° N (Guyana, South America) and moves north to 20°N
(northern Caribbean) in summer in association with the shift of the Intertropical Convergence Zone (Moulin et al. 1997) . The concentration of atmospheric dust in the Niger Delta (Mali) can exceed 13,000 micrograms (µg) per cubic meter (m 3 ), with mean background concentrations of 575 µg per m 3 (Gillies and Nickling 1996) the mid-Atlantic and Barbados , Talbot et al. 1986 ) and exceed 100 µg per m 3 in the Virgin Islands (figure 3), with mean concentrations of 3 to 20 µg per m 3 in the Caribbean (Prospero and Nees 1986, Perry et al. 1997) . Mean mass diameters of African dust particles transported decrease with increasing distance from Africa and average less than 1 micrometer (µm) in the Virgin Islands (Perry et al. 1997) . The finest particles are carried into the Gulf of Mexico and over the continental United States as far west as the Rocky Mountains and as far north as Maine (Perry et al. 1997 ).
Composition of dust
The chemical composition of aerosols is a product of the origin and history of the dust (e.g., Duce et al. 1976 , Arimoto et al. 1995 , Perry et al. 1997 . African and Asian dust consists primarily of clay soil minerals such as illite, quartz, kaolinite, chlorite, microcline, plagioclase, and calcite (Prospero 1981) , which may undergo chemical change during aerosol transport (Ravishankara 1997) . Some elements (e.g., manganese, iron, scandium, cobalt) occur on African dust particles in concentrations similar to average crustal abundance, whereas other elements (e.g., mercury, selenium, lead) accumulate, via scavenging, at concentrations three orders of magnitude greater than mean crustal abundance (Duce et al. 1976 ). In the late 1990s, the Atmosphere-Ocean Chemistry Experiment investigated the chemical composition of Atlantic aerosols (Arimoto et al. 1995) . Trace metal analysis showed large-scale differences in pollution emissions from North America, Europe, and Africa. Emissions from industry and possibly biomass burning were more evident in the aerosols from Europe and Africa. The relative abundance of chemical elements, particularly the metals, has been used to distinguish soil derived from volcanic dust (Muhs et al. 1990 ). To define the source, various elemental ratios, such as calcium to aluminum (Ca:Al) and aluminum to silicon, have been suggested. Perry and colleagues (1997) , using a particle diameter of less than 2.5 µm and a Ca:Al ratio greater than 3.8 to indicate Saharan dust, identified African dust in the atmosphere of the Caribbean and of the eastern and central United States. Using the metal ratios in volcanic material from the Antilles and soils from Africa, Muhs and colleagues (1990) identified Saharan dust as the source of clay soils on carbonate platforms in the western Atlantic (Barbados, Jamaica, Bermuda, and the Florida Keys). Age dating of the soils suggests the transport of African dust to the region has been occurring for millions of years. The ratios of beryllium to lead ( 7 Be: 210 Pb) in aerosols can be used to differentiate continental from oceanic sources, and these ratios show promise in elucidating aerosol transport history (e.g., Arimoto et al. 1999) .
Dust chronologies in coral skeletons
Corals incorporate particles (Barnard et al. 1974 ) and chemical components from the surrounding water into their skeletons during growth, preserving a record of the environmental conditions under which the calcium carbonate skeleton formed. For example, mineral dust and dust from the 1883 eruption of Krakatoa (Indonesia) have been isolated and identified from annual bands of the reef-building coral Montastraea annularis from the Florida reef tract (Merman 2001) . The study conclusively demonstrated that dust can be incorporated in the coral skeleton. Anthropogenic air pollutants such as lead and cadmium (Shen and Boyle 1987) and cesium radioisotope 137 Cs from nuclear testing have been detected in coral skeletons. Current studies indicate that a record of past environmental conditions, including dust deposition, may be reconstructed using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to extract the record preserved in coral skeleton annual bands (Sinclair et al. 1998 ).
Nutrient influx and biogeochemical effects
Our understanding of the impact of dust on biogeochemical cycles is limited. Aeolian dust contributes significant quantities of water-soluble nutrients to the oligotrophic Caribbean (Jickells 1999) , the Gulf of Mexico (e.g., Talbot et al. 1986) , and the Pacific (e.g., Young et al. 1991, Behrenfeld and Kolber 1999) and provides essential nutrients to the rain forests of Hawaii (Chadwick et al. 1999 ) and the Amazon (Swap et al. 1992) . The atmosphere deposits an estimated 50% of the phosphorus transported to the oceans . The influx of nutrients from Asian dust events is reported to fuel phytoplankton productivity in the northern Pacific (e.g., Young et al. 1991) .
Atmospheric deposition is thought to be the dominant source of iron in the ocean's photic zone (Duce and Tindale 1991) . Iron, a micronutrient, can limit phytoplankton productivity in oligotrophic waters; newly deposited iron is quickly depleted by phytoplankton (e.g., Martin and Fitzwater 1988 , Coale et al. 1996 , Behrenfeld and Kolber 1999 and bacteria (Butler 1998 ). Turner and colleagues (1996) showed that iron flux to the oceans leads to the biotic production of dimethylsulfide (DMS) and its release into the atmosphere. Subsequent oxidation of DMS and formation of sulfate in turn produces sulfuric acid, which with atmospheric mixing could increase the solubility of iron (in the form Fe [III] ) in the mineral aerosols (e.g., Duce and Tindale 1991) . Walsh and Steidinger (2001) and Lenes and colleagues (2001) linked African dust to the development of extensive red tides in the Gulf of Mexico. Lenes and colleagues (2001) also showed that iron in African dust deposited by rain fuels blooms of Trichodesmium, an iron-limited cyanobacterium. The nitrogen-fixing Trichodesmium produces nutrients (e.g., nitrates, nitrites) that, in combination with selective predation by zooplankton and meteorological conditions, fuel blooms of the red tide dinoflagellate Karenia brevis. Recently, Bishop and colleagues (2002) documented an increase in carbon biomass in the North Pacific in response to iron influx from a strong Asian dust event.
Some scientists question the importance of atmospheric dust as a source of iron in the ocean's photic zone, arguing that the most stable and abundant form of iron (Fe [III] ) in dust is relatively insoluble in seawater and not readily available biologically. However, little is known of the chemistry occurring on dust particles of small volume and high surface area during atmospheric transport, and biogeochemical oceanographers are just beginning to understand the ocean's complex biogeochemical pathways. Dust from Africa and Asia is transported long distances in chemically and physically extreme environments where the small particles are exposed to high levels of solar radiation, multiple freeze-thaw cycles, relatively acidic conditions, and predominantly inorganic salts (Jickells 1999) . On its deposition to the ocean, the dust enters a radically different environment. The thin surface layer of the ocean is characterized by concentrations of phytoplankton and zooplankton and by a steep concentration gradient of organic compounds and inorganic salts. It has been suggested that during atmospheric transport, photoreduction of Fe (III), which is stable and relatively insoluble, produces Fe (II), a biologically available and soluble species (e.g., Graedel et al. 1986, Duce and Tindale 1991) . Saydam and Senyuva (2002) propose that oxalate released by fungi in desert dust facilitates photoreduction of Fe (III). Complexation of Fe (II and III) with organic ligands (Butler 1998) with clay minerals in the aerosol acts to stabilize the iron in a bioavailable form. On their deposition to the ocean surface layer, insoluble Fe (III) and some of the more soluble first-row transition metals form stable complexes with siderophores, low-molecular-weight organic ligands produced by some species of oceanic bacteria, facilitating uptake by microorganisms and phytoplankton (Butler 1998 and references therein). Young and colleagues (1991) suggested that the smaller the dust particle, the longer the residence time in the photic zone and therefore the greater the amount of iron that could be released and made available for phytoplankton and microbes. In a more direct mechanism, Fe (III) deposited in reducing environments (e.g., carbonate muds in Florida Bay) can be reduced to Fe (II). Iron limitation is known to keep many microbial pathogens at low concentrations that directly counteract the expression of pathogenicity (Weinberg 1996) . Hayes and colleagues (2001) proposed that iron in dust may play a similar role in promoting microbial diseases on coral reefs.
Biomagnification and bioaccumulation processes add another layer of complexity in marine systems. Small dust particles (0.5 to 50 µm) deposited in the ocean surface layer are selectively ingested by zooplankton (e.g., Syvitski and Lewis 1980) , incorporated into fecal pellets, and excreted in a more concentrated form into the water column. Zooplankton fecal pellets, singly or aggregated, could efficiently carry the bioconcentrated micronutrients and chemical contaminants to benthic organisms, larger zooplankton, or planktivores (Syvitski and Lewis 1980). Doses of synthetic organic chemicals and micro-or macronutrients could affect reproduction or immune function of benthic organisms and contribute to maintaining the shift to seemingly alternative stable states (e.g., macroalgae dominated) observed on disturbed reefs worldwide. Threshold effects may be involved. Exploration of the roles of atmospheric transport of dust in the biogeochemical cycles of marine and terrestrial ecosystems is in the earliest stages.
Living components of globally transported dust
Dust air masses transport more than mineral particles and nutrients. Sediment core studies conducted in the Atlantic Ocean off the West African coast reported the presence of freshwater diatoms and phytoliths in sediment cores and attributed their presence to African dust deposition (e.g., Maynard 1976) . African desert locusts (Schistocerca gregaria, up to 8 centimeters [cm] long) have been carried in Saharan dust air masses across the tropical Atlantic and arrived alive on eastern Caribbean islands (Ritchie and Pedgley 1989) . If organisms as large as desert locusts have survived the multiday trip, it is likely that viable smaller organisms may be riding with the dust as well.
Airborne transport of pathogens. Many well-known pathogenic bacteria, fungi, and viruses are transmitted through airborne transport (e.g., the organisms causing plague, anthrax, tuberculosis, influenza, and aspergillosis). Most of the systemic fungal diseases, and viruses such as hantavirus, are typically transmitted in dust. The World Health Organization has identified drought and dust storm activity in the subSaharan region of Africa as causing regional outbreaks of meningococcal meningitis. Neisseria meningitidis, the infectious agent, causes approximately 500,000 cases and 50,000 deaths every year (see www.who.int/vaccines/en/meningococcus. shtml). Other disease outbreaks are associated with exposure to desert dust clouds in the Americas. One example is coccidioidomycosis in humans, caused by the fungus Coccidioides immitis.
It is generally believed that most airborne pathogens are only transmitted over short distances. Although the transmission of coccidioidomycosis or meningococcal meningitis has been documented through desert dust cloud exposure, it has only been shown to occur within the confines of a continent. Can desert dust clouds move viable pathogens around the planet, and is there a limit to the type of airborne pathogen that can be transported in this way?
There are a surprising number of reports of long-range transport of plant pathogens. Most of these infectious invaders are fungi, whose dispersal spores provide protection from ultraviolet (UV) light and other harsh environmental conditions. Culturing of air samples and species-specific detection are relatively new developments, so in most studies the fungal diseases were tracked based on the geography of the outbreaks, prevailing winds, and timing. Examples include the potato blight fungus (Phytophthora infestans), potato blackleg bacteria (Erwinia carotovora and E. chrysanthemi), lentil anthracnose (Colletotrichum truncatum), fungal wheat pathogen (Puccinia graminis), sugarcane rust (Puccinia melanocephala), coffee rust (Hemileia vastatrix), and banana leaf spot (Mycospherella musicola; Brown and Hovmøller 2002) .
Less information is available concerning the aerosol transmission of animal pathogens. Several studies of dust collected from surfaces on poultry, swine, and dairy farms have shown that the dust contained fungi such as Aspergillus and Cladosporium (Fiser et al. 1994) as well as the bacterium Salmonella (e.g., Letellier et al. 1999) . Windblown desert dust that carried fungi caused an outbreak of aspergillosis in desert locusts (Venkatesh et al. 1975) . Meteorological data and molecular techniques were employed to determine the source of the pseudorabies virus (cause of Aujeszky's disease in swine) after outbreaks occurred in Denmark in December 1988. The evidence suggested the infections were a result of airborne transport of the viral pathogen from Germany (Christensen et al. 1993 ).
Microbes and African dust. We are investigating the possibility that viable microbes are being transported across oceans in dust events. Research to date has shown that the number of bacteria and fungi that can be cultured from air samples from the Virgin Islands is two-to threefold greater when African dust is in the atmosphere than when it is not (Griffin et al. 2001 ). Comparisons of data from these cultures with data from direct counts of aerial microbes indicate that less than 1% of the total microbial population present was recovered on the nutrient agar used for analysis. This finding is in agreement with other microbial ecology studies that have shown a culturable rate of 1% or less obtained from natural samples (Torsvik et al. 1990 , Eilers et al. 2000 . It is important to note that microbes that do not grow on one nutrient agar may grow on a different nutrient agar or source (e.g., lung tissue). In short, the bacteria and fungi that we have cultured from atmospheric samples most likely represent only a small percentage of what is actually viable and capable of growth. Furthermore, microbial ecology studies have shown that in environmental samples the total viral population present is usually 10 to 100 times the total bacterial population (Borsheim et al. 1990 ). Nonculturable microbes can be identified using whole genomic DNA extraction, followed by polymerase chain reaction (PCR) amplification, cloning, and sequencing of ribosomal RNA genes. This type of analysis is invaluable for total microbial population comparisons of dust and marine microbes and provides genetic access to the large number of microbes (> 99%) that cannot be cultured.
The fungus known to cause sea fan disease in the tropical western Atlantic (Aspergillus sydowii; Smith et al. 1996) was isolated in its active, pathogenic form from air samples taken during dust events in the Virgin Islands in 1997 (Weir et al. 2000) . Since that time, the pathogenic strain of A. sydowii has been found only in diseased sea fans and sea plumes and in air samples collected during dust events in the Virgin Islands. The pathogenicity of A. sydowii isolates from air samples collected in Mali is currently being tested. Recently, Griffin and colleagues (2001) isolated numerous species of viable microorganisms-bacteria and fungi-from air samples taken in the Virgin Islands during dust events. Using ribosomal sequencing via PCR to identify the isolates, they found that at least 25% of those identified are known plant pathogens and 10% are opportunistic human pathogens (Griffin et al. 2001) . The fungal isolate Cladosporium cladosporioides, which has been identified as a plant and human pathogen, is one of the most common species of fungi recovered from air samples. Several of the bacteria isolated have previously been identified in marine environments (Pseudomonas alcalophila, Paracoccus spp., and Kocuria erythromyxa). Microorganisms can move from the marine environment to the atmosphere via physical surface activity that results in the formation of sea spray and sea foam (e.g., Blanchard and Syzdek 1970 In a current study of a recent disease outbreak in Caribbean sea urchins (Meoma ventricosa), two of the authors (K. B. R. and G. W. S.) found that bacteria associated with the spines of burrowing and nonburrowing sea urchins and present in the water column are genetically identical to bacteria purified from air samples collected in the Virgin Islands during dust events. One isolate was a novel bacterium that showed 98% identity to Bacillus mojavensis, which was initially isolated from the Mojave Desert (Southern California) and associated with arid soils. The sea urchin-associated bacterium proved to be genetically and morphologically identical to a bacterium isolated from a Virgin Islands dust event sample. Moreover, another bacterium isolated from a Sargassum species in San Salvador (Bahamas) was found to be genetically and morphologically identical to isolates from both sea urchins and Virgin Islands air samples during dust events. Thus, it appears that some bacteria found in desert soils also occur in a viable state in the atmosphere over the Virgin Islands during African dust events and in the marine environment in the Western Atlantic. Whether these bacteria are actually transported long 
Articles
To distinguish between contaminants transported long distances and those generated locally, background samples are collected to control for sources other than African or Asian dust. Ambient or background samples are used to identify and quantify the microorganisms and chemical contaminants in the atmosphere when dust air masses are not present. Sources of background contaminants include local winds advecting soil, ship traffic across oceans upwind of the affected areas, complex interactions between air layers in the atmosphere, and pollutants in the troposphere. In addition, it is essential to sample the source region, midocean, and downwind sites during dust events and nondust (background) conditions to conclusively demonstrate longdistance transport of contaminants.
A microorganism or chemical contaminant is considered to have been transported long distances in a dust event to downstream sites when criteria 1 (a or b), 2, and 3 are met: Local contamination or long-distance transport? distances in dust events or can reproduce in the marine environment is unknown.
Analysis of other marine and dust isolates reveals that other bacterial types remain viable in the atmosphere and marine environments as well. Bacteria isolated from M. ventricosa, from the sea urchin Echinometra variegates, from the water column, and from a Virgin Islands dust event air sample were 100% identical to Bacillus pumilus. Similarly, bacteria isolated from the long-spined sea urchin, Diadema antillarum, and from the nonburrowing urchin Lytochinus variegates, are identical to a bacterium isolated from an African dust event air sample from the Virgin Islands, with 99% identity to Pseudomonas aeruginosa, a ubiquitous species.
It had been thought that exposure to UV light during long-range transport would inactivate any microbes. Dust in the upper altitudes of dust clouds attenuates UV light and could act as a UV screen for microbes at lower altitudes (Herman et al. 1999 ). Also, microorganisms may attach to and survive within cracks and crevices of inorganic dust particles, which would shield them from UV light. Preliminary findings indicate that UV resistance in microorganisms may play an important role in their survival during atmospheric transport.
Coral diseases and microbial pathogens of corals
Coral diseases were first reported in the 1970s (e.g., Antonius 1973) on reefs in the Caribbean and in the Florida Keys. Since that time, they have been observed on reefs worldwide (Richardson and Aronson 2002) . Presumably, diseases have always occurred on coral reefs, but they remained undetected until the 1970s because of the low incidence of disease on reefs and the state of knowledge at the time. The current levels of coral mortality are unprecedented. It is now accepted that coral diseases are an active and important factor in the continued degradation of coral reefs. Although up to 29 coral diseases are currently being monitored in various programs worldwide, the pathogens of only five diseases (black band, aspergillosis, bacterial bleaching, white plague, and white pox) have been identified. Four of these have been proved to be pathogens, following the procedures of fulfillment of Koch's postulates: aspergillosis (Smith et al. 1996) , white plague type II , bacterial bleaching (Kushmaro et al. 2001) , and white pox (Patterson et al. 2002) . The fifth disease, black band, is caused by a pathogenic bacterial consortium, not a single pathogen. Reservoirs are known for only two coral diseases, black band disease and aspergillosis (Richardson 1998 , Weir et al. 2000 .
Of the 10 coral diseases or disease-like states being monitored throughout the Caribbean and the Florida Keys (Richardson 1998) , four are of particular interest in terms of defining a connection with African dust events: aspergillosis, black band disease, white pox, and white plague.
Aspergillosis.
One of the few coral diseases to be characterized fully, aspergillosis is also one of the most common. This disease primarily affects two types of sea fans, Gorgonia ventalina ( figure 4, left) and G. flabellum. As discussed above, it is caused by the common terrestrial fungus A. sydowii (Geiser et al. 1998) , which has a worldwide distribution in soils. Spores are generally less than 2 µm in diameter, a size easily carried by winds and dispersed over great distances.
To date, pathogenic and nonpathogenic fungi from several different genera (Aspergillus, Penicillium, and Blastomyces) have been isolated and identified from samples collected during African dust events in the Virgin Islands. Inoculations confirmed that some dust event isolates were pathogenic to healthy G. ventalina, because inoculations produced characteristic signs of aspergillosis, such as purpling and loss of tissue. In each case where disease was observed, the original pathogen was reisolated and morphologically identified, fulfilling Koch's postulates. During the reisolations, several types of fungi in addition to A. sydowii were isolated from experimentally inoculated sea fans, indicating that (a) pathogenic fungi can be reisolated from inoculated and diseased sea fans, and (b) nonpathogenic opportunistic marine fungi may secondarily colonize diseased sea fans. The absence of Aspergillus species in control samples (not inoculated) revealed that Aspergillus is not typically found on healthy sea fans. The presence of at least one nonpathogenic fungus in such controls indicated that it is possible for some marine fungi to colonize sea fans without causing signs of disease.
The data collected from these experiments suggest that African dust storms may be a source of Caribbean sea fan pathogens. In the last year, aspergillosis occurred on at least two other species of soft corals, Pseudopterogorgia americana in Bermuda and P. acerosa in St. Croix (Virgin Islands). Both of these species displayed similar signs of disease, which included gall formation and loss of tissue along the axial skeleton. Aspergillus species were morphologically identified from diseased specimens only. This may indicate an extended host range of pathogenic strains of Aspergillus. Interestingly, when hyphae of pure A. sydowii strains are extracted and separated using high-performance liquid chromatography, unique compounds are found associated with the pathogenic strains but not with the nonpathogenic strains. We do not know the identities of these compounds, but we suspect that some may play a role in the disease process.
Black band disease. Black band disease was the first coral disease reported (Antonius 1973) and is one of the most well characterized. A cyanobacterium, sulfide-oxidizing and sulfate-reducing bacteria, and many heterotrophic bacteria together form a complex pathogenic microbial consortium that closely resembles microbial mats such as those found in illuminated, sulfide-rich aquatic environments (Richardson 1998) . Black band disease can affect both soft corals (such as sea fans) and stony corals, but it appears to be a greater threat to the reef-building corals, in particular Montastraea annularis and Colpophyllia natans. Compared with other coral diseases, the disease is slow in terms of both degradation of coral tissue (normally 3 to 4 millimeters per day) and the time it takes to kill a coral colony (months to years) (Rützler and Santavy 1983) . The incidence is generally low: less than 1% of coral colonies on reefs in the Virgin Islands (Edmunds 1991) and in the Florida Keys, but up to 6% on reefs in Jamaica (reviewed in Richardson and Aronson 2002) . The low incidence of black band disease and the low rate of black-band-induced coral mortality have led investigators to suggest that the slow death of corals caused by this disease may be balanced by the beneficial effect of opening up reef substrate for recruitment of stony corals, thereby potentially increasing genetic diversity (Edmunds 1991) . However, such recruitment has not been found in two studies that documented recruitment of corals (both stony and soft) onto black-band-exposed substrate in the Virgin Islands (Edmunds 1991 (Edmunds , 2000 and the northern Florida Keys (Richardson and Aronson 2002) .
The potential connection of black band disease with African dust may relate not only to potential pathogen transport but also to the iron present within dust. Iron may act as a trigger that activates black band disease reservoirs to become pathogenic. Richardson (1997) found that the reservoir of the black band microbial consortium resides in biofilms on sediment patches in depressions on healthy coral colonies of species susceptible to the disease. These biofilms are present as thin layers of filaments of the black band cyanobacterium. When samples are viewed under a microscope, the presence of the sulfide-oxidizing black band member Beggiatoa is seen. Because this genus only lives in environments with sulfide/ oxygen interfaces, the presence of sulfate reducers (the third major component of the black band consortium) is inferred.
It has been proposed that the black band reservoir biofilms are transformed into the pathogenic microbial mat community by an accumulation of biomass. As biofilm community members increase in biomass, oxygen demand increases, which leads to increased areas of anoxia within the microbial community. As anoxic microzones develop, the sulfatereducing population can increase and a zone of permanent anoxia can develop. When this occurs, sulfide concentrations may build up within the anoxic microzone to the toxic level that kills coral tissue (Richardson 1998) . The trigger that may induce the buildup in biomass may very well be iron, known to be a limiting micronutrient in tropical and subtropical marine waters.
White plague. To date, three forms of white plague have been reported on reefs of the northern Florida Keys: white plague type I; white plague type II ( figure 4, right) , a more virulent form that emerged on the same reefs in 1995; and white plague type III, first seen in 1999 (Richardson and Aronson 2002) . These three forms exhibited identical disease signs but had very different short-term effects on the reef. White plague type I affected six species of stony corals and was described as having minimal impact on the reefs. White plague type II was much more destructive, affecting 17 species of stony corals along 400 km of Florida's reef tract and causing the death of entire colonies in as little as 2 to 3 days rapid tissue destruction of the three white plagues, primarily affecting the largest colonies of M. annularis and C. natans. Entire colonies (2 to 3 meters in diameter) were observed to have been killed within days.
The pathogen of white plague type II was isolated and identified as a new genus of gram-negative bacteria, Aurantimonas coralicida (Denner et al. 2002) . The white plague pathogen may well be one of the dust-associated bacteria, and dust may serve as an inoculum that triggers white plague outbreaks. White plague types II and III have spread throughout the Caribbean in the last 2 years, even to "pristine" reefs that are far from human populations. Although this has been a mystery in the past, the dust hypothesis may explain regionwide disease distribution patterns.
White pox. White pox, a coral disease that forms circular lesions on colonies of elkhorn coral (Acropora palmata), was recently shown to be caused by the gram-negative enterobacterium Serratia marcescens (Patterson et al. 2002) . This microorganism is ubiquitously distributed and could be introduced onto coral reefs via a number of pathways, including soil runoff, river discharge, arthropod or mammal feces, and atmospheric transport of soil.
Microorganisms and marine ecology. Microbiota play a significant role in marine ecology. Marine microorganisms have been shown to be significant with respect to the survivability and competitiveness of key coral reef species, drastically altering the composition and possibly the viability of some reefs. The composition and function of the microbial communities associated with healthy marine organisms are just beginning to be explored. The first priority is to identify the pathogens or agents causing the 20 to 30 disease-like states being followed on reefs today, some of which may not be diseases (Richardson 1998) . Once pathogens have been identified, the sources and mechanisms of transmission and distribution need to be addressed. It is equally important to identify the environmental conditions needed to activate a disease, to induce a microorganism to become pathogenic, or to initiate a chain of events that will lead to an outbreak of disease.
Many questions remain to be answered, including the source of identified coral disease pathogens. African dust may be one mechanism through which pathogens of coral reef organisms are distributed and deposited in the Atlantic and Pacific. It is still unclear whether pathogens responsible for coral disease outbreaks are newly introduced microorganisms, more virulent forms of normally present pathogens, or normal bacterial populations that become virulent due to decreased host resistance to infection. We believe that atmospheric deposition of dust to coral reefs is involved.
Chemical contaminants
Although dust events have occurred for millennia, the production, use, and release of synthetic organic chemicals into the environment is a relatively recent phenomenon. During and after their manufacture and use, many of these compounds become airborne through direct emission, combustion, volatilization, or wind erosion of soil particles to which they are sorbed (Majewski and Capel 1995) . Once airborne, semivolatile organic compounds move through the atmosphere in the gas phase or sorbed to dust particles and are deposited by wet and dry depositional processes (Majewski and Capel 1995, Bidleman 1999) . Persistent organic pollutants (e.g., DDT, other organochlorine insecticides, and polychlorinated biphenyls [PCBs] ) can be transported great distances, continuously cycle between Earth's surface and the atmosphere, become globally distributed, and eventually accumulate in polar regions and the deep seas (Bidleman et al. 1989 , Looser et al. 2000 .
Dust air masses transport chemical contaminants from the dust source regions, and from populated areas over which the air masses move (Uematsu et al. 1992 ), thousands of kilometers across continents and oceans. Long-range atmospheric transport and deposition of some persistent organochlorine pollutants (especially polychlorinated dibenzo-p-dioxin and furan [PCDD/Fs], PCBs, and some chlorinated insecticides like DDT, chlordane, and toxaphene), and of anthropogenic and biogenic aliphatic hydrocarbons (e.g., n-alkanes) and polycyclic aromatic hydrocarbons (PAHs), are well documented (e.g., van Pul et al. 1999) . Some studies have focused specifically on transport to the oceans (e.g., Simoneit et al. 1988 , Atlas and Schauffler 1990 , Duce et al. 1991 , Bidleman 1999 , MacDonald et al. 2000 . Other persistent halogenated organic pollutants have recently been identified as important atmospherically transported persistent contaminants (see Lipnick et al. 2001) , including polychlorinated n-alkanes and naphthalenes, polybrominated diphenyl ethers (used as flame retardants), and perfluorinated chemicals (e.g., perfluorooctane sulfonate; Giesy and Kannan 2001) . Limited information is available on the atmospheric transport and deposition for some current-use pesticides (Majewski and Capel 1995, van Dijk and Guicherit 1999) . Other pesticides, antibiotics, pharmaceuticals, and many other organic chemical contaminants and their degradates have not been studied. Potential synergistic toxicity or activity of transported chemical contaminants is essentially unknown (Kolpin et al. 2002) . The contaminants may adversely affect downwind marine and terrestrial ecosystems through a number of pathways.
We suggest that a combination of regional geomorphology, synthetic organic chemical use, and socioeconomic and cultural factors may be altering the quality of transported dust. In the Sahara and Sahel of West Africa, all forms of garbage are burned for fuel and for the ash that fertilizes agricultural plots. The continual burning severely degrades air quality, and respiratory complaints are common. Before the late 1980s, garbage consisted primarily of animal and plant waste. Since then, the composition of garbage has fundamentally changed. Today, plastic products (primarily plastic bags), tires, and other manufactured goods are routinely burned. Combustion of synthetic materials is known to release hazardous contaminants. For example, burning of municipal or household waste containing various chlorinated materials, such as polyvinyl chloride plastics, is a major source of PCDD/F emissions to the atmosphere (e.g., Lemieux et al. 2000) . These combustion practices are believed to concentrate heavy metals. The primary source of PAHs in the atmosphere is combustion of fuels ranging from petroleum to wood. Although low compared with the levels in some regions of the world, pesticide use in the Sahel region of Africa is increasing in order to control disease vectors and protect crops from plant and insect pests. Organochlorine pesticides (e.g., DDT) historically have been used, but newer-generation pesticides (e.g., synthetic pyrethroids) are increasingly being applied in dust source regions (van der Valk and Diarra 2000). Many of these pesticides are known to volatilize or sorb to small clay particles, which can be transported over long distances. Antibiotics and pharmaceuticals are widely used to treat the numerous diseases and infections that occur in West Africa. Basic sanitary facilities such as pit toilets and sewage treatment are lacking, and a large river (Niger), the primary depository of waste, floods annually in a country with less than 2 cm of precipitation a year. The result is a stew of excreted antibiotics, pharmaceuticals, microorganisms, pesticides, combustion products, other organic compounds, contaminant breakdown products, and silt deposited on the floodplain. Chemical contaminants sorbed to the small, dry soil particles could be advected into the atmosphere by strong convective storms and transported thousands of kilometers. Known or suspected compounds that are toxic, carcinogenic, or mutagenic, or that act as endocrine disruptors, may be carried sorbed on dust particles or in the gas phase in the dust air mass (Bidleman 1999) . These chemical contaminants may adversely affect the marine and terrestrial ecosystems on which the contaminants are deposited (e.g., Solomon 1998, Daughton and Ternes 1999) . Similar source considerations exist in Asian dust regions. In addition, Asian dust air masses move across areas, especially China, Korea, and Japan, where chemical emissions have increased substantially in recent years because of extensive construction of major chemical production facilities and increased use of industrial and agricultural chemicals.
The aquatic toxicology of numerous chemical contaminants, such as PAHs, organochlorines (e.g., DDT), and metals, has been studied extensively. These compounds have been found to act as neurotoxins, narcotics, endocrine disruptors, mutagens, carcinogens, or disruptors of growth and reproductive processes (Rand 1995) . Concentrations as low as a few parts per trillion of some contaminants have been shown to produce significant effects in marine organisms and humans. The effects of atmospherically transported and deposited chemical contaminants on coral reefs at the molecular, cellular, organismal, and system levels are essentially unknown. We propose four questions for investigation: (1) Are chemical contaminants transported with African or Asian dust impairing immune response or reproduction in coral reef organisms? (2) Are these contaminants interfering with the ability of coral larvae to settle and grow, or with the survival of young corals? (3) Are effects at the cellular or molecular level affecting metabolism, reproduction, calcification, or immunocompetency? (4) What synergistic, cumulative, or threshold effects are at work? The implications of atmospheric transport and deposition of chemical contaminants on coral reefs and other ecosystems may be substantial.
Conclusions
We suggest that African and Asian dust air masses transport chemical and viable microbial contaminants to downwind ecosystems in the Americas, the Caribbean, and the northern Pacific and may be adversely affecting those ecosystems. Atmospheric flux of pathogenic microorganisms may be responsible for the widespread distribution of some diseases occurring on coral reefs and associated habitats. Chemical contaminants in dust air masses may alter the resistance of coral reef organisms to disease pathogens, affect reproduction or survival of larvae, interfere with calcification, or act as toxins, initiating a cascade of effects. Episodic pulses of micro-and macronutrients are known to initiate phytoplankton blooms and may similarly trigger pathogen reservoirs or act to sustain the shift from coral-to algae-dominated reefs. Threshold effects may be at work. Human health may also be adversely affected, primarily by inhalation of known or suspected components in dust events, including nonpathogenic and pathogenic viable microorganisms; chemical contaminants such as carcinogens, toxins, endocrine disruptors, and toxic metals; and small particles that may trigger other physiological reactions (e.g., asthma, cardiovascular events). To understand the effects of these global-scale transport systems on ecosystems and their organisms, collaborative teams of researchers from diverse disciplines will be needed to elucidate the linkages of the biotic, chemical, and physical factors at spatial scales from molecular to global.
